As an extension of traditional radar, quantum radar has the advantages of enhancing detection capability and improving resolution, which has attracted enormous attentions. However, the researches on the scattering characteristics of quantum radar are limited to two-dimensional targets, impeding the practical applications of quantum radar. In this paper, the universal expression of quantum radar cross section (QRCS) for three-dimensional targets is introduced. We have demonstrated the achievement of largescale computing of QRCS by using GPU accelerating technique. And QRCSs of typical two-and threedimensional targets are compared with previous work to verify the accuracy, and the improved efficiency of acceleration method is indicated simultaneously. Ultimately, the QRCS of a typical electrically large and complex target, B2 aircraft, is simulated unprecedentedly. The proposed method is convinced to be an efficient tool for analyzing quantum radar scattering properties of electrically large structures.
I. INTRODUCTION
Radar systems are widely used in various fields as a detection instrument since World War II [1] - [3] . Radar transmits a series of electromagnetic pulses to illuminate the targets and receive the echo, leading to the achievements of targets' information including the velocity, distance, azimuth, elevation, and so on. After more than half a century of development, modern radar has many advantages such as all-weather, all-time, military and civilian use [4] . However, with the increasing use of stealth technology, the existing radar systems are facing several challenges [5] , [6] . Recently, the quantum radar [7] is proposed to break through the technical bottleneck of traditional detection and improves the detection performance by using quantum resources. At the transmitter, quantum radar emits few photons or even a single photon to detect targets. This feature is in sharp contrast to traditional radar which uses continuous electromagnetic pulses containing an infinite number of photons [8] . And at the receiver, quantum radar processes the quantum state. This technology could improve the sensitivity of quantum radar to break through the standard quantum limit (SQL) and even reach the Heisenberg limit [9] , [10] , which can significantly enhance The associate editor coordinating the review of this manuscript and approving it for publication was Mehmet Alper Uslu. the detection precision. More importantly, the experimental measurements [11] - [13] have confirmed that the SQL can be broken by using quantum technology. By using entangled photon pairs, quantum radar is expected to have enhanced abilities of anti-interference and anti-deception [7] , [14] . Thus, the quantum radar is a revolutionary technology to the existing radar system, which can solve the challenge of traditional radar, and has promising application foreground.
However, to the best of our knowledge, the prototypes of quantum radar are far from practical application, which only implement quantum enhancement technology [15] , [16] . At present, extensive works are concentrated on the preparation of entangled photons, quantum interference, quantum optimum detection and quantum illumination [17] - [23] . In contrast, as an indispensable parameter of quantum radar, discusses on quantum radar cross section (QRCS) are still lacking.
Radar cross section (RCS) [24] is the most critical concept in radar detection, which represents the intensity of the echo when the target exposes to radar. The value of RCS is equal to the ratio of the total backscattered power of the target to the incident power density of the radar transmitter [25] . The RCS is related not only to the shape, size and material of the target, but also to the frequency, polarization and incidence angle of the electromagnetic wave. The larger the RCS, the easier the target can be detected by radar [26] . The traditional scattering theory can't adequately describe the scattering characteristics of quantum radar because that quantum radar takes advantage of the particle characteristics of electromagnetic wave. Furthermore, traditional theory is based on the induced current to generate scattering electromagnetic waves. However, QRCS describes the interaction between the photon field and atoms in the targets. Firstly, in 2010, the concept of QRCS was proposed in analogy with classical RCS and the side lobe enhancement effect of QRCS was revealed for the first time [27] . After that, a large amount of researches on QRCS were carried out [28] , [29] . Specially, Brandsema et al. [30] used Fourier transform to optimize the algorithm to make it suitable for QRCS of any twodimensional (2D) targets. In 2018, QRCS for typical threedimensional (3D) convex targets was mentioned and it is confirmed that QRCS for 3D convex targets has the superposition of the quantum effect in side lobes [31] . Bistatic QRCS is also a remarkable issue, therefore, many researches have been widely carried out [32] , [33] . Overall, previous researches on QRCS are basically for 2D targets or 3D convex targets with simple geometries. Hence, the main bottleneck for QRCS calculation is extremely time-consuming, hindering the analysis of electrically large and complex targets.
In this paper, in order to analyze the QRCS of electrically large targets, the revised QRCS formula is proposed and an efficient GPU computing technology based on computer unified device architecture (CUDA) is introduced. Most importantly, the expression of QRCS for 3D complex targets is presented in detail. To solve the bottleneck problem of time-consuming operation of QRCS, GPU computing technology is introduced into the simulation. Subsequently, the accuracy and efficiency of the algorithm are verified by the simulation of typical 2D and 3D targets respectively. The numerical results show a perfect match with the analytical solution and GPU acceleration method shows a very high efficiency compared with the CPU serial or parallel technology. Therefore, this acceleration method makes it possible to analyze the QRCS of electrically large targets. On this basis, the QRCS of a typical electrically large stealth target, B2 bomber, with different incident frequencies is simulated unprecedentedly. The formula still works because that B2 is a highly stealthy plane with a flat, smooth body, which can ignore the multiple reflections of waves on the fuselage. Compared with conventional electromagnetic method, method of moments (MoM) and physical optics (PO) method, the curve of QRCS has more jitter. Meanwhile, under these frequencies, the value of QRCS is larger than RCS when the aircraft is illuminated directly which may be possible for quantum radar to utilize this enhancement effect to detect targets. These interesting phenomena need further discussion. Overall, the proposed method makes it possible to have an efficient and promising tool especially for quantum radar scattering properties for electrically large structures.
II. FORMULATION FOR QRCS A. QUANTIZED ELECTRIC FIELD
Wave-particle duality is an inherent property of any objects. The traditional electromagnetic theory can precisely describe the wave property of field. However, when the frequency is very high or the number of photons is quite small, the particle characteristics of electromagnetic wave must be considered [34] . It is well known that photon is the smallest energy unit of the quantized electromagnetic field.
Solving the wave equation, the vector potential A can be expanded by Fourier series as: (1) where V is the volume of the cavity, e k is the polarization unit vector, k is wave vector, A k (t) and A † k (t) are the amplitude of electromagnetic wave.
According to the canonical quantization approach, the creation and annihilation operator are introduced to rewrite A:
where ω k = ck, is reduced Planck constant. Taking the creation operator as an example, it satisfies the Eq. 3 in free field. d dtâ
Therefore:â
Substituting (4) into (2), the expression of quantized electric field can be written in two parts. One only contains annihilation operator, and the other only contains creation operator.
B
. THE STATE FUNCTION OF THE RADIATION PHOTON
Unlike classical RCS, the detection process of quantum radar can be considered as the interaction between photons and atoms. This process needs to be described by the theory of quantum electrodynamics. Spontaneous emission of twolevel atom is one of the most fundamental processes in quantum electrodynamics [35] and its schematic diagram is shown in Fig.1 . When a photon irradiates the atom, the atom will step from the ground state |g to the excited state |e . Subsequently, the atom would transit to the ground state accompanied by photon radiation. Typical high-order harmonic spectra from gaseous medium, which begin with a rapid decline on intensity for low-order harmonics], followed by a broad plateau of almost constant intensity, and vanished with an abrupt cutoff.
According to Weisskopf-Wigner [36] theory, the Hamiltonian of the atom-field interaction is:
whereâ † k andâ k are creation and annihilation operator respectively, k is the mode of photon, ω k = ck, g k is the coupling constant of the two levels, r represents the position of atom:
At t = 0, atom is in excited state |e , and the radiation field is in vacuum state |{0} , so the state function of the system is:
When the atom returns to the ground state and emits a photon, the state function of the system becomes:
Therefore, at any moment, the state function can be expressed as:
The initial values are a(0) = 1 and b k (0) = 0. Taking Eq. (8) and (12) into the Schrödinger equation:
We can get,
is the decay rate, also known as Einstein A coefficient. So the state |γ of the emitted photon can be obtained:
C. THREE DIMENSIONAL EXPRESSION FOR QRCS
The detection mechanism of quantum radar is different from that of traditional radar, so the description of RCS no longer applies. Based on quantum electrodynamics (QED), the definition of QRCS is given as [27] :
where I s and I i are the intensity of the scattered and incident field, respectively. Since photon is scattered in all directions with probabilities, I s at the receiver is approximately equal to the expectation of wave function. While I i is a summation of the intensity on each atom. r si is the distance from transmitter to target, and R i is total interference distance.
According to the definition of wave function, we can get:
The integral in Eq. (18) can be processed by the residue theorem:
Therefore, the final form of Eq. (18) is:
According to the energy conservation, the total incident energy is equal to the whole scattered energy from the object to the hemisphere space. The intensity of the incident field thus can be expressed as:
where A ⊥ (θ i , φ i ) is the projected area of the object along the incident direction. Therefore, the final expression of the QRCS is: (22) Due to its strong adaptability and the accuracy of fitting boundary shape, triangle element is widely used in numerical calculation. So the projected area can be represented as:
where A m is the area of triangle element, n m is the normal vector of the element which points to the outside of the target and k is the incident vector, T is the total elements number after the judgment of light-dark sides and elimination of block surfaces.
The judgment of light and dark sides satisfies the following relation:
As shown in Eq. 24, when the angle of k and n m is larger than 90 degrees, the element is determined to be a light region. Otherwise, it is the shaded area. Then a test ray is emitted from the illuminated element, whose direction is in contrary to the incident wave. When this ray does not intersect with other elements, this element is unscreened. Or else it is the occluded element, which needs to be removed. For one of the elements, its normal vector is:
where V a m and V b m are the vectors along two sides shown in Fig. 2 . Meanwhile, the area of this element can be expressed as:
So the projected area of the target can be simplified to 
D. THE STRATEGY OF ACCELERATION
The numerical simulation of QRCS is time-consuming and inefficient. In order to realize the simulation of electrically large targets, an efficient and feasible acceleration algorithm is proposed. Because of the double integral of the denominator, the calculation is quite complicated, which needs to be parallelized eagerly. So far, two main methods of acceleration, CPU and GPU, are widely used in various fields to improve the simulation efficiency. CPU has complex units of control and a mass of caches, which is better at handling the computations of complex logic, many branches and memoryconsuming problems. On the contrary, because of the simple logic structure, GPU has a great advantage in dealing with the problem of simple process structure. Meanwhile, GPU has a large number of arithmetic logic units which is good at largescale parallel computing with large amount of calculation and simple logic and judgment. The integral of the denominator in Eq. (30) is discretized by the trapezoid integral method. And the inside of the integral is a matrix of θ and ϕ, and each element m θ,ϕ of the matrix:
is calculated by large amount of GPU threads. In this paper, with the help of CUDA, which can give full play to the advantages of GPU [35] , the speed of QRCS simulation has been greatly improved.
III. NUMERICAL RESULTS
In this section, several numerical examples based on singlephoton incidence are shown to illustrate the accuracy, efficiency and universality of the proposed method. All the numerical experiments are performed on a high efficient NVIDIA GTX1080Ti GPU, which has 3584 stream processors and 11 GB memory.
A. BENCHMARK
This section analyzes the accuracy and efficiency of the proposed method by two typical models. The first example is a 1m × 1m metal square plate illuminated by microwave photons as shown in Fig. 3 ., which are propagated from -x axis to +x axis. The operating frequency is 1.2 GHz and the corresponding wavelength is 0.25 m. For QRCS is the interaction of incident photon with atoms in the object, the 2D square plate is discretized by the corresponding 0.006λ, into 514405 unknowns.
Hereinbelow, monostatic QRCS for the 2D square plate is shown and compared with classical RCS obtained by PO in Fig.4 . As we can see, the numerical result performs good agreement with analytical solution [30] , whose equation is as the following:
where a and b are the side lengths of the plate. Compared with classical RCS, QRCS shows an obvious side-lobe enhancement effect and is consistent in the main lobe. Meanwhile, the computational statics are summarized in Table 1 . For this simple 2D model, the calculation of QRCS takes up to two hours, which is consistent with literature [38] . Obviously, our proposed method can dramatically reduce the computation time and contributes to no additional memory requirement at the same time. Moreover, it is worth mentioning that for 2D targets, there is no judgment of light and dark surfaces which leads to the constant of the denominator of QRCS. Hence for 3d model, GPU acceleration is required for the denominator under different incident angles, which means that the acceleration effect will be more obvious.
Then, a typical 3D model is analyzed to further verify the accuracy of the program. The frequency of the incident photons is 1.2 GHz and the size of the cube is 4λ×4λ×4λ. For this 3D typical model, the number of unknowns is variable due to the existence of the judgment of the light and dark. When ϕ = 0 • , the number of unknowns is 9380658 at θ = 0 • and 90 • , and in other cases, the number of unknowns is 18761127. Because at θ = 0 • or 90 • , photons only illuminate one side of the target, whereas it hits two sides at other times. Figure 6 shows the comparison of QRCS and RCS obtained by PO. According to reference [31] , the value of main lobe should be:
where a is the edge length of the cube. Corresponding to this model, the theoretical value of QRCS at main lobe is 23 dBsm, which is consistent with our simulation results. Simultaneously, the match between our simulation and reference proves that the proposed method is applicable to 3D problem as well. As can be seen from the figure, QRCS and RCS are basically the same in most cases. There are distinct differences at θ = 40 • and 45 • . This is caused by the superposition of quantum effects on different surfaces, which is consistent with reference [31] . In addition, the peaks have 3 dB decay as the degree increases slightly. This phenomenon is due to the multiplication of unknowns caused by the angle change in 0 • . Once the angle changes, the cube will quickly change from one illuminated face to two illuminated faces. Furthermore, the computational efficiency of this model is summarized in Table 2 . The CPU parallel technology is adopted with 16 cores for comparison due to the timeconsuming calculation. Although CPU parallel technology can greatly save time, it is still far from enough for electrically large targets. Compared with CPU, GPU can accelerate the computation of QRCS more significantly as shown in Table 2 . In addition, with the increase of the number of unknown variables, the calculation time shows a liner growth trend.
B. SIMPLE COMPOUND TARGET
Furthermore, to further verify the universality of the proposed method, a simple compound target is analyzed. The model shown in Fig. 7 consists of some typical 2D plates and 3D cylinder, hemisphere, whose size is 6.01m × 1.32m × 2.56m. The operating frequency is 300 MHz and the corresponding wavelength is 1 m. The unknown quantities are approximately 1.47 million which take 3.3 hours to calculate and occupy memory of 369MB. The comparison of monostatic QRCS and traditional RCS is shown in Fig. 8 . The differences are mainly concentrated at 0 degrees. It is attributed to the fact that the QRCS ignores the influence of quantum diffraction. As a result, the scattering from the back of the missile is neglected. With the increase of the incident angle, the scattering of each part is gradually considered. Hence, the obtained QRCS consist with the RCS results. On the whole, this gives us the foundation to analyze the QRCS of the electrically large and complex target.
C. ELECTRICALLY LARGE COMPLEX TARGET
Ultimately, using the proposed method, the QRCS of a simplified B-2 bomber is analyzed unprecedentedly. The size of the model is 21.0m × 52.4m × 5.18m. The monostatic QRCSs of the target are simulated with the incident frequency of 300MHz, 600MHz and 1GHz respectively. By the way, the corresponding numbers of unknowns are approximately 26.14 million, 56.64 million and 112.11 million. In these three cases, the target is illuminated from +z axis to −z axis with ϕ = −90 • . As shown in Table 3 , comparison of the number of unknowns, solution time and memory requirement with different incident frequency for the simplified B-2 bomber is given, respectively. It can be seen that the proposed method is shown to have an excellent compatibility, making it possible to analyze the QRCS of various electrically large and complex targets. Meanwhile, the memory occupancy is tolerable for such a large number of unknowns.
The comparisons of monostatic QRCS and RCS, obtained by MoM and PO, at different incident frequency are shown in Fig. 10 . In general, the trend of QRCS is largely consistent with that of traditional RCS. However, when the value of RCS gets smaller, the difference between the three methods is reflected. As the result of ignoring the coupling effect of current between different elements, the accuracy of PO and QRCS is lower than that of MoM when it comes to handling the rough shape of the target. This conclusion has formed a consensus among scholars and can also be clearly observed in Fig. 10 . Therefore, we focus on the difference between QRCS and classical RCS obtained by PO. At about 100 degrees, as convinced by Fig. 10 , the quantum effects are superposed from each structure. Moreover, similar phenomenon is observed on the QRCS of cube. Another interesting phenomenon is that the value of QRCS is higher than that of traditional RCS when the radar is irradiating the head of aircraft directly (θ = 90 • ). It indicates that quantum radar is superior to traditional radar with improved detection ability. Since there is no simulation and analysis of QRCS for electrically large and complex targets to date, the advantages and disadvantages of target detection using quantum radar still need further discussion.
IV. CONCLUSION
In this paper, the QRCS for analyzing complex targets is proposed formulaically and an efficient acceleration method with GPU is introduced into QRCS simulation. The accuracy and universality of the proposed method are verified by several typical models. We have shown the quantum enhancement effects by using quantum radar technology. Moreover, this method can greatly shorten the simulation time, which has extremely high efficiency. Based on this efficient method, the QRCS of a complex and electrically large target, B-2, at different incident frequencies is analyzed unprecedentedly. Our numerical results have demonstrated that the trend of QRCS is in good agreements with that of the RCS. In addition, the QRCS is significantly enhanced when the radar illuminates the aircraft straightforwardly, suggesting that utilizing this enhancement effect to detect targets is possible for quantum radar. In summary, numerical results have verified the accuracy, universality and excellent efficiency of the proposed method, confirming it an efficient and promising tool especially for quantum radar scattering properties for electrically large structures. He is currently a principal investigator of more than ten national projects. He has authored or coauthored more than 260 articles, including more than 180 articles in international journals. His current research interests include computational electromagnetics, microwave integrated circuit and nonlinear theory, smart antenna in communications and radar engineering, microwave material and measurement, and RF-integrated circuits.
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